The adsorption of sodium dodecyl sulfate (SDS) and N,N-dimethyldodecan-1-amine oxide (DDAO) and their mixtures, from their solutions, onto Jordanian Natural Clay (JNC) was investigated at room temperature. The clay was firstly analyzed with X-ray fluorescence technique. The surface tension of single and mixed surfactant solutions was then measured as a function of total surfactant concentration and the critical micelle concentration (CMC) values of these solutions were obtained. The interaction between SDS and DDAO as indicated by their interaction parameter was calculated according to regular solution model. Adsorption of single surfactants onto 3 % wt/vol Jordanian Natural Clay, using depletion method, was ultimately investigated. Though no SDS molecules were found to adsorb onto the Jordanian Clay but a pronounced adsorption tendency for DDAO and mixed SDS/DDAO molecules was obtained. The amounts of surfactant adsorbed onto 3 wt/vol% JNC follow the trend: SDS/ DDAO > DDAO > SDS indicating the importance of surfactants synergistic interaction on their adsorption tendencies.
Introduction
Surfactants nowadays are essential materials in many industrial applications in addition to their main use as detergents. They are made up of an aliphatic tail attached to an ionic or polar hydrophilic head and usually transfer to water during washing process. Accordingly, surfactants are classified as a major pollutant of waste water [1, 2] . To get rid of surfactants from the contaminated water, however, it is possible to remove them by allowing them to adsorb into material surfaces, and filtrate the water. Many research papers and patents were reported on the adsorption of surfactants and other organic compounds onto clays [3 -5] . Clays seems to be promising naturally available substance for water treatment [6 -11] .
Fortunately, Jordan is a country that is rich with natural clays. Jordanian Clays have special importance in industrial applications. Among the potential clay deposits available in Jordan are bentonite, kaolinite, palygoskite, illite, volkonskoite, and black mud [12] . Many research articles on Jordanian Clays and their applications are available [13 -15] . Compared to other water treating methods, natural clay is a good choice as it is naturally occurring and has low cost from economic point of view [12] . Therefore, natural Jordanian clays are interesting to investigate their role as adsorbing substrates.
The surfactants adsorption isotherms were estimated by depletion method using surface tension measurements [2] . The adsorption of surfactants at the solid/liquid interface is strongly influenced by a number of factors including the nature of the structural groups on the solid surface, the molecular structure of the surfactant, and the physical conditions of the aqueous phase (pH, temperature, electrolyte content, etc.). These factors determine the mechanism by which adsorption occurs and also affect the efficiency of the adsorption [16 -18] . In addition to traditional methods, many other methods have been used to estimate the adsorption isotherm of surfactants onto many surfaces. In addition to depletion method using surface tension measurements, zeta potential, fluorescence, high performance liquid chromatography, small angle neutron scattering (SANS), and atomic force microscopy (AFM) methods were proposed [19 -24] .
Once the suitable method is chosen, the surfactants adsorption isotherms can be established. In depletion method surfactants are allowed to equilibrate between the substrate and the solution/gas interface. The concentration of surfactant at the interface is reflected by their surface tension, c values is then used to estimate the adsorbed surfactant amounts [10, 11] .
The current research is focused on the purification of polluted water from surfactants by allowing them to adsorb onto natural clay obtained from Jordan (JNC). Though the adsorption of surfactants onto different surfaces is generally available, but up to our knowledge, no investigations have reported the adsorption of surfactants onto Jordanian natural clays. Additionally, few studies have correlated the influence of surfactant synergism at their adsorption at solid/ solution interface [2] . In the present investigation, the influence of synergistic interaction between sodium dodecylsulfate (SDS) and N,N-dimethyldodecan-1-amine oxide (DDAO) on their adsorption behavior at air/water interface is firstly investigated and the micellar parameters will accordingly be derived from the theory of regular solution approximation. Secondly, the adsorption of single and mixed surfactants onto Jordanian natural clays is tested to correlate the role of surfactant's synergism at air/water interface to the adsorption behavior at clay/solution interface. We aim at studding the efficiency of Jordanian clay as an adsorbents to remove surfactant from contaminated water and to minimize the high economic impact accompanied with water treatment.
Experimental

1 Materials
Sodium dodecylsulfate, SDS (purity > 98.5 %) was supplied by Sigma-Aldrich (Japan). N,N-dimethyldodecylamine Noxide solution (* 30 % in H 2 O), DDAO was supplied by Sigma-Aldrich (USA). Surfactants were used as received, without additional purification, in order to achieve the study from an application point of view. A complete physical and chemical analysis of this natural clay was carried out including its chemical and structural formulas. The natural clay was obtained from Al-Azraq area that is to the north east of Jordan. Deionized distilled water (H 2 O water for injection) from DEMO S.A. pharmaceutical industry (product of Greece) was used for the preparation of surfactant solutions.
Methods
1 Surface tension measurement
Surface tension measurements were carried out at room temperature with A CSC-DU NOUY ring tensiometer from CSC Scientific Company (Fairfax, USA). The instrument was calibrated with distilled water. Several measurements were performed and the results that have standard deviation of 0.1 mN/m or less were considered.
Calculating the value of interaction parameter (b)
Interaction parameter (b) and mole fraction of anionic surfactant in mixed micelle (x 1 ) values were estimated with iterative method by using BASIC computer program [1, 25] .
Clay Characterization
A comprehensive chemical analysis of this clay was made with the help of X-ray fluorescence (XRF) techniques at the ministry of energy and mineral resources/laboratories and quality directorate (Jordan). The starting and ending angles were 2.008 and 80.008, respectively. The X-ray fluorescence (XRF) data were recorded with Philips Magix PW 2424, operated at 50 KV and 10rn A. The results found are shown in Table 1 .
In addition to SiO 2 as a major component of the investigated clay, the other dominating oxides are the CaO, Al 2 O 3 , Fe 2 O 3 , and MgO. As the different types of Bentonite clay are named according to the dominating element, the investigated JNC could be classified as Calcium Bentonite. Bentonite is natural raw material contains colloidal and plastic clays. It is mainly composed of montmorillonite which is a hydrous aluminum silicate containing small amounts of alkali and alkaline-earth metals. The montmorillonite lattice has negative charge balanced by cations which are held on its surface. Cations held in this way by the clay can be readily exchanged [26] . Jordanian Bentonite deposits were first reported in Bentonite whose main component is montmorillnite, is potentially important adsorption material because of its large surface area, large number of inter layer exchangeable inorganic cations and abundance in nature. [27] 
Clay treatment
Samples of Jordanian Natural Clay (JNC) from Q'a Al Azraq were obtained from BT-14 borehole by Natural Resources Authority. These natural clay samples were crushed gently, then sieved using Retsch Jolting Sieve Shaker. The clay portion were mixed with distilled deionized water and then shaken at 25 8C and 150 rpm for 24 h on a thermostatic shaker (kühner/ISF-1-W), after samples were filtered it is dried in an oven (Mido/1/SS/Dis) at 1108C € 0.5 8C, then kept in a desiccators at room temperature for further use [26, 27] . The average diameter of the clay particles was about 128 lm. The pH of a 10 mM SDS/clay suspension were measured with the help of WTW pH-meter (Weiheim, Germany) and found to be &9.42.
Establishing the adsorption isotherms of surfactants
onto different clays using depletion method.
In such method, the surfactant's surface tension (c) versus concentration (C) plot will be used as a calibration plot in order to determine the unknown concentration of surfactant. The adsorbed surfactant, (C ads ) can be calculated from the subtraction of free surfactant concentration, C free (available in the supernatant), from the total surfactant concentration, C total using the relation:
C free can be directly determined from c-C plots of single surfactants. Rami A. Abdel-Rahem et al.: Adsorption of single and mixed surfactants onto jordanian natural clay
Results
1 Surface Activity of SDS, DDAO and Synergism in Mixed SDS/DDAO at air/water interface
Surface tension (r) measurements versus concentration of N,N-dimethyldodecan-1-amine oxide DDAO, sodium dodecyl sulfate (SDS) and DDAO/SDS mixed system are exhibited in Fig. 1 that shows a rapid decrease in surface tension with increasing concentration till reaching a point where r becomes almost constant at the concentration corresponding to critical micelle concentration (CMC). Critical micelle concentration (CMC) values obtained for these surfactant solutions were considered to be the minimum of the fitting that is near the cross-sectional point between vertical and horizontal lnc-r line. Accordingly, the CMC values were 1.5 mM and 8.0 mM for DDAO and SDS respectively. The published CMC values of DDAO and SDS are in good agreement with the obtained experimental values [28, 29] . The CMC of mixed SDS/DDAO surfactant solution (at equimolar ratio, 0.5 : 0.5) was considered to be the the intersection point of the two linear portions of the plot and is found to be 0.20 mM at the same temperature.
At an air/water interface, the minimum surface area per adsorbed surfactant molecule, A min (A8 2 ) of DDAO, SDS and mixed DDAO/SDS was obtained from the excess surface concentration, (C) [30] using the equation:
The excess surface concentration (C) can be calculated from the Gibbs isotherm, according to the equation (3):
Here [dr/d (lnC)] is the slope the vertical portion of r-lnC plot before reaching the CMC, R is gas constant (8.314 J/ mol K), T is the absolute temperature and C is the molar concentration of surfactant (mol/l). Eq. (3) is applied for ionic surfactants as SDS. For nonionic surfactants the factor 2 in the denominator of eq. (3) has to be replaced by unity. The values of surface tension at CMC, excess surface concentration (C) and A min of single and mixed surfactant are listed in Table 2 . Nemours theoretical models were suggested to explain the experimental CMC values of mixed surfactant solutions. The values of CMC for a binary mixed surfactants system was predicted by the ideal mixing model to be according to the following Clint equation [1, 2, 28, 29] .
where CMC mix is the predicted critical micelle concentration of the binary mixed surfactants, CMC 1 is the critical micelle concentration of the first surfactant whereas CMC 2 is the critical micelle concentration of the second surfactant, a 1 is the mole fraction of the first surfactant that has been added to the bulk, and a 2 is the bulk mole fraction of the second surfactant.
Many binary mixed surfactant systems were found to deviate from Clint equation and somehow behave unideal. The nonideality was treated by Holland and Rubingh with their nonideal mixing model [1] . Consequently the Clint equation was developed to:
Where f 1 and f 2 are the activity coefficients, and they are equal to unity when the behavior is ideal. The mole fraction of the first surfactant (x 1 ) in the binary mixed micelle is obtained according to Rubingh model through solving the following equation:
As the values of CMC 1 , CMC 2 , CMC mix , and a 1 are determined by experiments, iterative method is used to obtain the value of x 1 . The calculated value of mole fraction of the first surfactant in the binary mixed micelle (x 1 ) is then used to obtain the interaction parameter (b) by the equation (7) [1].
The interaction parameter (b) measures the extent of interaction between first and second surfactant in the binary mixed system and their deviation from the ideal behavior as indicated by Clint equation. b is with positive value in the case of demixing (antagonism), while it has a negative value in the case of mixing (synergism). Hua and Rosen have added additional conditions for synergism, according to which the synergism in binary mixed system is present only if (i) b is negative and (ii) the absolute value of interaction parameter |b| must be greater than ln|CMC 1 /CMC 2 | [25] . The DDAO mole fraction in mixed micelles, x 1 , and the interaction parameter, b, were calculated from eqs. 6 & 7.
The obtained surfactant parameters are listed in Table 3 . Depletion method was used to investigate the adsorption behavior of single and mixed surfactants onto Jordanian Natural Clay (JNC) [31] . According to this method the surface tension is measured for surfactant solutions in the presence and absence of the added clay. Once the added surfactants is adsorbed at the clay/water interface instead of air/water interface the solution surface tension remains the same as that of pure water (r = 72.5 mN/m). Further surfactant additions leads to a point where the clay surface becomes completely saturated with surfactant and as a consequent the surfactant move to air/water interface and start to minimize the solution surface tension. At saturation point the surface tension decreases again with increasing surfactant concentration and then level off at the new critical micelle concentration. Experimental plots of the surface tension versus concentration for aqueous solutions of single and mixed surfactants in the presence and absence of 3.0 % wt JCB are graphically presented in Fig. 2a-c . From Fig. 2 (a-c) it is obvious that the concentration-surface tension plots of single and mixed surfactants in the presence and absence of 3.0 % wt JNC differ in the following ways: (i) the surface tension-concentration curve (r-C) is shifted to higher surfactant concentrations for single DDAO and DDAO/SDS mixed system but remains almost unchanged for SDS system; (ii) the slope of r-ln C plot before CMC is somehow increased for single DDAO and DDAO/ SDS mixed system. Jordanian Natural Clay (JNC) itself has no influence on the surface tension of water. The new critical micelle concentration that is reached after surfactant saturation point is called the critical surface concentration, CSC, i. e. the concentration in which first aggregate is formed at the surface and a monolayer begins to form [32] . Once the CSC is reached the DDAO and DDAO/SDS mixed surfactants freely adsorb at air/water interface and begin to reduce water surface tension. Further addition of surfactants leads to formation of micelles around the new CMC new .
The experimental data in Fig. 2 (a-c) were used to calculate the ratio of adsorbed surfactant amounts in milligrams onto one gram JCB substrate (X s ) versus surfactant equilibrium concentration in milimolar units (C eq ) at 258C. The X s -C eq plots are graphically presented in Fig. 3 .
In Fig. 3 , the S-shaped entire profiles can be divided into three regions; the low concentration (above CSC) region (I), below CSC, and above the new CMC new region (II), and high concentration (below CMC new ) region (III). The details of these regions are discussed in the discussion section.
A previous investigation was carried out in our research lab for the adsorption of SDS and DDAO as well as their mixture (at equimolar ratio) into silica SiO 2 powder. The average diameter of SiO 2 particle, in the previous investigation, was about 130 lm (Silica gel 60 with particle size 0.063 nm -0.200 mm (70 mesh -230 mesh ASTM), was from Fluka/Buchs, Switzerland) [2] . The previous average particle diameter is close to our investigated Jordanian Natural Clay (JNC) that is about 128 lm, leading to a reasonable comparison between them. The maximum adsorbed surfactant amounts onto the clay surface before they start transferring to the air/water happens at critical surface concentration point, CSC. A comparison between the maximum adsorbed amounts of single and mixed surfactants (CSC-values) onto silica [2] and JNC is shown in Table 4 .
Discussion
SDS molecules have stronger repulsion forces between their negatively charged head groups compared to the DDAO molecules. Accordingly, the SDS molecules require a higher concentration to overcome the electrostatic repulsive forces between their negatively charged heads in order to form micelles and exhibit a higher CMC value [33] .
From Fig. 1 one can also notice that the CMC values and the surface tension at the CMC, c CMC, of the single surfactants are larger than those of surfactant mixtures, indicating synergism [1, 29] . The head interaction between DDAO and SDS screens their repulsion and consequently lowers the CMC of DDAO/SDS mixture. The minimum in the surface tension near the intersection of the decreasing and flat portions for both DDAO and SDS surfactants is thought to be due to some impurities in the surfactant [34] .
It is evident from Table 2 that A min of mixed surfactants is larger than unmixed surfactants due to strong electrostatic interaction between them that might lead to coupling of DDAO and SDS heads and hence the become thicker when they are mixed at the air/water interface. The ability of surfactants to reduce surface tension is expected to be directly related to its CMC [35 -37] . Accordingly, lower CMCs are accompanied by surface tension values at CMC c CMC .
The results in Table 3 indicates that the interaction parameter (b) value is negative at equimoles surfactants. b has a value of -11.2, suggesting strong synergism between the monomers of both surfactants. Additionally only 88 % of added SDS molecules share in the mixed DDAO/SDS micelle as indicated by the x 1 -value (compared to a 1 -value) that is due to the non-ideality of the system. DDAO can exist in aqueous solutions either in nonionic or cationic form, depending on the solution pH [39, 40] . The DDAO reacts with hydronium ion as described in the following chemical equation.
In acidic solution the equilibrium is shifted to forward direction and produce cationic surfactants. In basic solution, on the other hand, DDAO remains as nonionic surfactants. As the pH of the investigated solution are almost neutral medium and somehow slightly basic (pH = 7.3) the DDAO is expected to be consisting of both cationic and nonionic mono- Table 3 Mole fraction of SDS (a1), mixed system critical micelle concentration (CMCmix), SDS mole fraction in DDAO/SDS mixed micelles (x 1 ), Interaction parameter (b), of single and mixed surfactants at room temperature.
Rami A. Abdel-Rahem et al.: Adsorption of single and mixed surfactants onto jordanian natural clay mers [40] . DDAO, in its cationic form, interacts with the SDS molecules due to electrostatic attraction between oppositely charged heads. Additionally, DDAO molecules in their nonionic form establish a dipole-ion interaction with SDS molecules [41] . The investigated DDAO/SDS synergism also fulfil the Hua and Rosen conditions as b is negative and |-11.2| > ln(8.0/1.5) = 1.67 [25] . Figure 2 (a-c) also exhibits that the surfactant the DDAO/ SDS mixed solution has a higher CSC (i. e. the maximum amount of adsorbed surfactants before forming micelles&0.1 mmol/L) compared to single CSC value of DDAO (i. e. 0.05 mmol/L), which implies that the synergistic interaction between SDS and DDAO enlarges the adsorbed amounts of surfactants onto JNC. From Fig. 2(b) , it is evident that SDS solutions in the presence of 3.0 % wt JNC exhibit surface tension values similar to those in the absence of the clay. Accordingly, the SDS does not adsorb onto 3.0 % wt JNC. This behavior makes it difficult to remove SDS from water during the water treatment using JNC as adsorbent. Fortunately, the DDAO/SDS synergistic interaction, on the other hand, enhanced the adsorption of SDS into adsorption onto 3.0 % wt JNC surface [42] . DDAO/SDS synergistic interaction resulted in a change in the relative arrangement of surfactant molecules at the micelle-water interface as well as inside the micelles and hence enhanced their adsorption at clay/water interface. The current work indicates that it is possible to remove SDS from polluted water using JNC as a substrate after mixing it with DDAO surfactant. The dip in the DDAO surfactant was almost absent after adding 3.0 % wt/vol JNC which can be due to adsorption of the impurities onto the clay surface. However, the dip in the r-c plot for single SDS solution remained unchanged because they do not adsorb onto JNC.
The characteristics of adsorption regions shown in Fig. 3 are discussed below.
Region I (Low Surfactant Concentration)
The adsorption isotherms in Region I show that X s is directly proportional to type of surfactants and whether they are single or mixed. Due to electrostatic attraction and iondipole forces between the DDAO and SDS molecules their heads couple together and form SDS/DDAO coupled molecules. The mixed SDS/DDAO molecules adsorb in higher amounts onto the JNC substrate compared to single DDAO molecules as indicated by the Xs values at this region. The breaking point between region I and II represent the concentration at which first aggregate is formed at the surface CSC [41, 43] .
Region II
This region starts after reaching the CSC point and the mechanism that governs the adsorption is the tail-tail interaction together with molecules association at the solid/water interface. From the beginning of region II and prolong to region III, the literature has reported that the surfactant aggregates to form bilayer morphology [44, 45] .
Region III
The air/water interface becomes saturated with surfactants in region iii and the surface tension becomes somehow constant at the new critical micelle concentration (CMC new ). In this region, however, the surface tension measurements cannot give significant information about the real adsorbed amounts [31] . The adsorption of surfactants at the solid/liquid interface is rather complex and it depends on the nature of the substrate, the molecular structure of the surfactant, and other physical conditions as; pH, temperature and electrolyte content. The pH-value and hence H + and OH -may affect the surface charge of the substrate. Several research papers are available on the adsorption of surfactants onto many surfaces [46 -52] .
From data in Table 4 it is obvious that the csc-values of DDAO and DDAO/SDS mixed system are enhanced in the presence of JNC by 150 % and 236 % compared to the values of silica powder for the same solutions respectively. Such significant adsorption enhancement is due to chemical composition of JNC. As indicated in Table 1 The presence of such oxides has a role to play in the surfactant adsorption enhancement. SDS itself does not adsorb onto JNC and onto silica surfaces. The obtained results indicate that strong synergistic interaction between SDS and DDAO enhances their adsorption behavior onto JNC. Furthermore, the interaction between the SDS and DDAO in the mixed micelle will result in a change in the morphology and the packing of the mixed micelle. The relative arrangement of surfactant molecules at the micelle-water interface as well as inside the micelles has enhanced their adsorption at solid/water interface.
Conclusion
Jordanian natural clay (JNC) is found to have significant role in removing DDAO and DDAO/SDS mixed surfactant system from polluted water by allowing them to adsorb onto the clay surface. The obtained results have shown that the JNC, with its different available metal oxide, is good adsorption substrate compared to pure silica. Additionally, though sodium dodecyl sulfate does not adsorb on its own onto the clay surface, this study has shown that using the synergistic interaction in the mixed SDS/DDAO system enforces SDS molecules in the mixed micelle to adsorb together with DDAO molecules onto the clay surface. The obtained results are expected to open new paths in water purification with simple and cheap methods in a country with poor water recourse as Jordan. Table 4 Comparison between the maximum amount of adsorbed surfactants onto silica (mg/gram) and onto JBC, calculated first aggregate is formed CSC, and the percentage of adsorption enhancement (% of enhancement) at room temperature.
